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Abstract 

A  method  of  measuring  the  voltage  produeed  by  a 
helieal  explosive  flux  eompression  generator  using  a 
remote  eleetrie  field  antenna  is  deseribed  in  detail.  The 
diagnostie  has  been  sueeessfully  implemented  on  several 
experiments.  Measured  data  from  the  diagnostie  eompare 
favorably  with  voltages  predieted  using  the  eode  CAGEN 
[1],  validating  our  predietive  modeling  tools.  The 
measured  data  is  important  to  understanding  generator 
performanee,  and  is  measured  with  a  low-risk,  minimally 
intrusive  approaeh. 


I.  INTRODUCTION 

We  have  designed  and  tested  several  explosive  flux 
eompression  generators  within  the  last  deeade.  Thorough 
deseriptions  of  the  design  and  performanee  of  these 
generators  have  been  published  elsewhere  [2]  [3]  [4],  and 
are  beyond  the  seope  of  this  paper.  To  briefly  summarize 
these  results,  we  have  used  a  helieal  generator  of  our 
design  in  series  with  a  eoaxial  generator  of  our  design  to 
deliver  tens  of  megaamperes  and  tens  of  megajoules  to 
low  induetanee  loads. 

A  drawing  of  one  sueh  generator,  the  Mini-G,  is  shown 
in  Fig.  1.  A  photograph  of  a  Mini-G  on  the  shot  table  is 
shown  in  Fig.  2,  and  the  eurrent  waveform  from  Mini-G 
Test  2  (MGT2)  is  shown  in  Fig.  3. 

Several  years  ago,  during  one  sueh  experiment,  we 
observed  an  anomaly  in  the  data  from  diagnosties  that 
were  external  to  the  generator.  Analysis  of  this  anomaly 
suggested  that  1-2  kiloamperes  of  eurrent  were  driven  into 
an  external  ground  loop,  although  operation  of  the 
generator  was  nominal  and  unaffeeted.  After  further 
analysis  of  the  external  generator  eireuit,  we  determined 
that  the  shield  and  inner  eonduetor  of  the  seed  eapaeitor 
bank  eables  were  beeoming  tied  together,  and  tied  to  the 
top  of  the  helieal  eoil  through  a  low-impedanee 
eonneetion  formed  by  the  erowbar  of  the  moving  helieal 
generator  armature.  The  floating  eapaeitor  bank  would 
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Figure  1.  Drawing  of  the  Mini-G.  The  helieal  generator 
eonsists  of  a  eopper  helieal  eoil  stator  and  an  aluminum 
eylindrieal  armature.  HE  initiation  oeeurs  at  a  single¬ 
point  at  the  top  of  the  helieal  generator.  The  eoaxial 
generator  is  imploded  via  5 1  detonators  that  are  uniformly 
spaeed  around  the  waist  of  the  eoaxial  generator. 


Figure  2.  A  photograph  of  a  Mini-G  on  the  firing  table 
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therefore  be  lifted  to  the  potential  of  the  top  of  the  helieal 
eoil  relative  to  both  the  grounded  tamper  of  the  eoaxial 
generator,  and  the  grounded  enelosure  that  the  eapaeitor 
bank  is  loeated  within.  A  voltage  breakdown  between  the 
floating  eapaeitor  bank  and  the  grounded  enelosure 
eombined  with  our  estimates  of  the  external  eireuit 
impedanee  explained  the  1-2  kA  external  ground  fault. 

Computational  modeling  of  the  helieal  generator  using 
CAGEN  predieted  a  eoil  voltage  of  around  -40  kV,  and 
high-potting  shortly  after  the  shot  where  the  suspeeted 
breakdown  oeeurred  failed  at  around  -37.5  kV — slightly 
less  than  the  predieted  voltage. 

On  subsequent  shots,  we  plaeed  an  eleetrie  field 
antenna  in  the  vieinity  of  the  eapaeitor  bank,  to  both 
verify  the  eapaeitor  bank  did  indeed  elevate  to  the 
potential  of  the  top  of  the  eoil,  and  determine  if  we  eould 
measure  the  eoil  voltage  using  a  remote  eleetrie  field 
antenna.  A  sketeh  of  the  eomplete  external  eireuit  is 
shown  in  Fig.  4. 

The  remainder  of  this  paper  deseribes  the  details 
eoneeming  this  measurement,  presents  measured  data 
from  several  experiments,  and  diseusses  eomparisons 
between  the  measured  and  modeled  voltages. 


II.  ANTENNA  DESIGN  AND 
IMPLEMENTATION 

Numerous  diagnosties  eould  be  used  to  measure  the 
voltage  that  the  eapaeitor  bank  is  elevated  to  during 
experiment.  The  requirements  were  straightforward — the 
diagnostie  should  be  low-risk,  and  not  inadvertently  cause 
or  contribute  to  a  breakdown;  the  diagnostic  should 
produce  a  signal  in  the  hundreds  of  millivolts,  to  make  use 
of  existing  fiber  optic  link  hardware  that  was  available; 
and  the  diagnostic  should  have  a  simple  transfer  function 
that  is  measurable  in  the  bandwidth  of  interest  through  an 
in  situ  calibration. 

An  electric  field  monopole  antenna  was  chosen.  It  is 
low-risk  because  it  is  non-contact  and  can  be  located 
away  from  the  high  potential  of  the  capacitor  bank.  The 
length  of  the  monopole  element  and  the  addition  of  shunt 
capacitance  can  be  used  to  control  the  two  most  important 
parameters  of  the  antenna  response:  the  amplitude  of  the 
response  and  the  droop.  In  addition,  such  antennas  are 
simple  to  make  and  robust,  and  their  performance  is  well 
understood  from  first  principles. 

Electrostatic  modeling  of  the  inside  of  the  seed  bank 
enclosure  was  used  as  a  tool  to  help  determine  placement 
of  the  antenna.  An  appropriate  location  would  have  both 
a  sufficiently  large  electric  field  along  the  antenna  that  a 
suitable  signal  level  would  be  produced,  but  also  be  in  a 
location  that  was  fairly  insensitive  to  antenna  movement, 
so  that  small  movement  of  the  antenna  from  shot  to  shot 
would  not  strongly  affect  the  antenna’s  in  situ  sensitivity. 
Further,  the  antenna  needed  to  be  located  in  a  place  that 
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Figure  3.  The  current  waveform  from  Mini-G  Test  2 
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Figure  4.  A  circuit  sketch  of  the  measurement.  After 
helical  generator  crowbar,  the  experiment  consists  of 
three  coupled  circuits — a  seed  bank  circuit,  an  internal 
FCG  circuit,  and  an  external  circuit.  In  the  absence  of 
faults,  the  current  in  the  seed  bank  circuit  is  on  the  order 
of  kA,  the  current  in  the  external  circuit  is  on  the  order  of 
A,  and  the  current  in  the  internal  FCG  circuit  is  on  the 
order  of  MA  (see  Fig.  3). 


would  not  present  a  significant  obstacle  to  personnel 
maintaining  and  operating  the  capacitor  bank  in  the 
cramped  enclosure. 

An  excerpt  from  the  electrostatic  modeling,  and  the 
approximate  final  position  of  the  antenna  is  shown  in  Fig. 
5. 

The  antenna  was  built  using  a  24”  diameter  ground 
plane,  and  a  monopole  element  of  variable  length.  The 
final  length  of  the  monopole  element  was  determined 
during  in  situ  calibration.  Prior  to  installation,  the 
antenna’s  frequency  response  was  measured  in  a  TEM 
cell.  These  measurements  showed  that  the  antenna 
response  had  a  lower  3  dB  point  of  around  1  kHz  when 
the  antenna  was  terminated  with  a  5  ns  cable  and  the 
analog  fiber  optic  link  with  no  shunt  capacitance.  Adding 
the  shunt  capacitance  we  expected  would  be  necessary 
(4.5  nF  or  9  nF,  depending  on  the  generator)  to  attenuate 
the  signal  to  an  appropriate  level  lowered  the  3  dB  point 
to  under  100  Hz.  The  antenna  response  is  therefore 
essentially  flat  during  the  timescale  of  interest,  which  is 
on  the  order  of  tens  of  microseconds. 
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III.  A  COMPARISON  BETWEEN 
MEASURED  AND  COMPUTED  RESULTS 


Figure  5.  A  photograph  of  the  capacitor  bank  prior  to 
installation  in  the  enclosure  (top).  An  excerpt  from  the 
electrostatic  field  modeling  of  the  inside  of  the  capacitor 
bank  enclosure.  Equipotential  contours  are  shown.  The 
approximate  position  of  the  antenna  is  indicated  by  the 
dashed  box  (bottom). 

The  antenna  was  installed  in  the  location  suggested  by 
the  electrostatic  modeling.  The  output  of  the  antenna  was 
connected  to  an  analog  fiber  optic  link,  which  converts 
the  measured  voltage  into  an  optical  signal.  This  signal  is 
routed  via  optical  fiber  to  recording  digitizers  located 
within  the  main  bunker.  Figure  6  is  a  photo  showing  the 
antenna  in  the  installed  location. 

An  in  situ  calibration  was  performed  to  measure  the  in 
situ  antenna  sensitivity.  The  calibration  was 
straightforward:  the  capacitor  bank  was  isolated  from 
ground  as  it  is  during  the  shot,  and  a  CDU  was  discharged 
between  the  grounded  enclosure  and  the  capacitor  bank 
cable  shields.  This  applied  a  voltage  in  the  same  location 
as  the  helical  coil  applies  a  voltage  during  the  experiment. 
The  applied  voltage  was  measured,  and  compared  with 
the  voltage  produced  by  the  antenna.  The  shunt 
capacitance  and  antenna  monopole  element  length  were 
varied  until  the  antenna  sensitivity  was  at  the  desired 
value.  A  sketch  of  the  in  situ  calibration  is  shown  in  Fig. 

7. 


The  antenna  was  used  to  measure  helical  coil  voltages 
on  several  experiments  during  the  last  two  years. 

The  results  confirmed  our  expectation — that  the  floating 
capacitor  bank  is  lifted  in  potential  by  tens  of  kV  during 
experiment. 

In  order  to  make  meaningful  comparison  with  CAGEN 
the  differences  between  what  is  modeled  with  CAGEN, 
and  what  is  measured  during  experiment  need  to  be 
examined. 

A.  Measured  quantities 

The  calibrated  electric  field  antenna  measures  the 
difference  in  potential  between  the  low  side  of  the  floating 
capacitor  bank  and  the  ground  plane.  The  current  flowing 
in  the  external  circuit  (see  Fig.  4)  is  small,  so  applying 
Kirchoff  s  voltage  law  to  the  external  circuit  reveals  only 
three  terms:  1)  the  measured  voltage  between  the  floating 
capacitor  bank  and  the  ground  plane,  2)  the  voltage 
developed  along  the  helical  generator  coil,  and  3)  the 
voltage  developed  along  the  shield  of  the  capacitor  bank 
cables  from  the  seed  bank  current. 

Writing  out  Kirchhoff  s  voltage  law  for  the  loop,  the 
measured  voltage  can  be  described  by: 

^  ~^SB^T  '^^Coil  (1) 

where  Vm  is  the  measured  voltage,  Isb  is  the  current 
flowing  on  the  inside  of  the  seed  bank  cables,  Zj  is  the 
effective  transfer  impedance  of  the  capacitor  bank  cables 
(approximated  by  the  DC  resistance  of  the  shield  of  the 
four  seed  bank  cables  in  parallel,  which  is  approximately 
20  milliohms),  and  VcoH  is  the  voltage  developed  across 
the  coil. 

Vcoii  can  further  be  described  by: 

^Coii  ^  ^HG  ^G^oil  (2) 

where  (pno  denotes  the  magnetic  flux  linking  the  coil 
within  the  helical  generator,  the  diacritical  dot  denotes 
time  derivative,  Ig  denotes  the  current  flowing  in  the  flux 
compression  generator,  and  Rcou  denotes  the  resistance  of 
coil. 
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Figure  6.  The  installed  antenna.  The  eapaeitor  bank 


ehassis  is  the  blue  frame  in  the  upper-right  portion  of  the 
photo.  The  eleetrie  field  antenna  has  a  ground  plane  that 
is  24”  in  diameter,  and  a  monopole  element  that  is  1 6”  in 
height.  The  shunt  eapaeitor  is  eonneeted  direetly  to  the 
antenna  output,  below  the  ground  plane.  The  eable  visible 
in  the  lower  left  of  the  photograph  is  eonneeted  to  an 
analog  fiber  optie  link. 


Figure  7.  A  sketeh  of  the  in  situ  ealibration  eireuit.  A 
500  nF  CDU  is  eharged  to  4  kV  and  diseharged  between 
the  shield  of  the  eapaeitor  bank  eables  and  the  ground 
plane.  Not  shown  is  a  200  Ohm  shunt  resistor  aeross  the 
CDU  output  whieh  provides  damping  of  the  response. 
Both  the  CDU  output  and  antenna  output  are  exponential 
tail  pulses  with  a  time  eonstant  of  approximately  100  us. 
The  ratio  between  the  measured  antenna  voltage  and  the 
applied  voltage  is  the  antenna  sensitivity. 

Fig.  8  shows  the  three  terms  in  Eq.  1  from  Mini-G  Test 
2,  where  Isb  is  the  seed  bank  eurrent  measured  during 
experiment,  Vm  is  the  antenna  voltage  measured  during 
experiment,  and  Zj  is  the  DC  resistanee  of  the  eable 
shields,  measured  prior  to  experiment. 

B.  Modeled  quantities 

The  eomputational  tool  CAGEN  eomputes  the  voltage 
at  the  output  of  the  helieal  generator,  whieh  is: 

^HG  =  0  +  ^G^HG  (^) 


where  Vhg  is  the  voltage  produeed  at  the  helieal  generator 
output,  and  Rhg  is  the  total  resistanee  of  the  helieal 
generator,  equal  to 

^HG  ^  ^oil  ^Armature  (4) 

where  RArmature  is  the  resistanee  of  the  aluminum  armature. 
ycoii — the  voltage  between  the  top  and  bottom  of  the 
eoil — ean  be  eomputed  from  CAGEN  by  subtraeting  the 
voltage  drop  along  the  armature  from  Eq.  3.  The  result  is 
identieal  to  Eq.  2: 

^Coil  ~^HG  ^G  ^Armature  ~^HG  ^ G^^oil 

C.  Measurement  and  Modeling  results 

The  measured  and  modeled  values  for  VcoH  from  Mini- 
G  Test  2  are  shown  in  Fig.  9.  Two  CAGEN  waveforms 
are  shown,  due  to  known  diserepaneies  between  the 
CAGEN  predietions  and  experiment.  CAGEN  1  is  the 
eomputed  VcoH  using  a  seed  eurrent  that  is  known  to  be 
ineorreet,  but  this  CAGEN  model  aeeurately  prediets 
eurrent  out  of  the  helieal  generator  during  helieal 
generator  performanee.  CAGEN2  is  the  eomputed  VcoH 
using  a  seed  eurrent  that  matehes  experiment,  but  this 
CAGEN  model  over-prediets  eurrent  out  of  the  helieal 
generator  during  helieal  generator  performanee  by  around 
26%.  We  are  working  with  the  CAGEN  developers  to 
better  understand  these  diserepaneies. 

A  method  of  verifying  our  understanding  of  the  external 
eireuit  is  possible  by  measuring  the  external  eireuit 
eurrent.  The  integrated  external  eireuit  eurrent  sealed  by 
the  eapaeitanee  between  the  isolated  eapaeitor  bank  and 
the  ground  plane  should  have  the  same  waveform  shape 
and  amplitude  as  the  voltage  measured  from  the  eleetrie 
field  antenna.  This  eomparison,  using  data  from  Mini-G 
Test  4,  is  shown  in  Fig.  10.  The  eapaeitanee  used  for 
sealing  was  inferred  by  sealing  the  integrated  eurrent  data 
until  amplitude  agreement  was  observed.  This  resulted  in 
a  eapaeitanee  of  1.8  nF,  whieh  is  in  reasonable  agreement 
with  the  measured  value  of  around  1.9  nF,  whieh  varied 
somewhat  depending  on  the  teehnique  used.  There  is 
good  agreement  between  the  two  waveforms  during  the 
entire  time  reeord. 


IV.  Summary 

A  method  of  measuring  the  voltage  developed  aeross 
the  eoil  of  a  helieal  explosive  flux  eompression  generator 
is  deseribed.  The  approaeh  is  non-intrusive  and  low-risk, 
and  provides  a  means  of  diagnosing  internal  generator 
fields  from  a  distanee.  The  measurement  has  been 
sueeessfully  implemented  on  several  experiments.  The 
results  have  been  repeatable,  and  eonsistently  agree  well 
with  modeling  performed  using  the  eode  CAGEN. 
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Figure  8.  Overlay  of  terms  from  Eq.  1,  measured  during 
Mini-G  Test  2.  The  eapaeitor  bank  diseharges  at 
approximately  24  us;  helieal  generator  erowbar  oeeurs  at 
approximately  95  us.  The  initial  transient  rings  at 
approximately  25  us  oeeurs  when  the  seed  eapaeitor  bank 
diseharges,  and  rings  at  the  frequeney  of  oseillation  of  the 
external  eireuit,  whieh  is  approximately  700  kHz.  The 
sign  on  the  measured  voltage  is  negative,  whieh  implies 
the  top  of  the  eoil  attains  a  negative  voltage  relative  to  the 
bottom. 
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Figure  9.  Overlay  of  measured  and  eomputed  values  of 
Vcoii  from  Mini-G  Test  2. 
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Figure  10.  The  measured  voltage  from  the  antenna 
eompared  with  the  integrated  external  eireuit  eurrent 
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